In both mammalian and insect models of ethanol intoxication, high doses of ethanol induce motor impairment and eventually sedation. Sensitivity to the sedative effects of ethanol is inversely correlated with risk for alcoholism. However, the genes regulating ethanol sensitivity are largely unknown. Based on a previous genetic screen in Drosophila for ethanol sedation mutants, we identified a novel gene, tank (CG15626), the homolog of the mammalian tumor suppressor EI24/PIG8, which has a strong role in regulating ethanol sedation sensitivity. Genetic and behavioral analyses revealed that tank acts in the adult nervous system to promote ethanol sensitivity. We localized the function of tank in regulating ethanol sensitivity to neurons within the pars intercerebralis that have not been implicated previously in ethanol responses. We show that acutely manipulating the activity of all tank-expressing neurons, or of pars intercerebralis neurons in particular, alters ethanol sensitivity in a sexually dimorphic manner, since neuronal activation enhanced ethanol sedation in males, but not females. Finally, we provide anatomical evidence that tank-expressing neurons form likely synaptic connections with neurons expressing the neural sex determination factor fruitless ( fru), which have been implicated recently in the regulation of ethanol sensitivity. We suggest that a functional interaction with fru neurons, many of which are sexually dimorphic, may account for the sex-specific effect induced by activating tank neurons. Overall, we have characterized a novel gene and corresponding set of neurons that regulate ethanol sensitivity in Drosophila.
Introduction
Alcohol is one of the most widely used and abused drugs in the world. Although lower doses of ethanol act as a stimulant, higher doses act as a depressant (Pohorecky, 1977) . The depressant effects of ethanol manifest in humans as depressed mood, fatigue, and cognitive and motor impairment (Babor et al., 1983; ); animal models also exhibit motor incoordination and ultimately sedation (Pohorecky, 1977) . Genetic factors influence susceptibility to alcohol use disorders (AUDs), but few specific genes have been identified (Mayfield et al., 2008) . Several studies have suggested that susceptibility to AUDs is correlated with decreased sensitivity to the depressant effects of ethanol (Schuckit, 1994; Morean and Corbin, 2010) . In addition, several genes regulate both acute ethanol sensitivity and ethanol consumption in rodent models (e.g., Thiele et al., 1998; Hodge et al., 1999) . Characterizing the genes that mediate acute ethanol sensitivity may therefore provide insight into alcohol addiction.
The fruit fly Drosophila melanogaster is an established model for studying the genes underlying acute ethanol responses (Kaun et al., 2012) . As in humans and rodents, lower doses of ethanol stimulate locomotor activity in flies (Wolf et al., 2002) , whereas higher doses induce motor incoordination and sedation (Moore et al., 1998; Rothenfluh et al., 2006) . Many evolutionarily conserved genes regulate acute ethanol responses in both flies and mammals, such as protein kinase A (Moore et al., 1998; Thiele et al., 2000) , epidermal growth factor receptor (EGFR) (Corl et al., 2009) , and neuropeptide F/Y (NPF/NPY ) (Thiele et al., 1998; Wen et al., 2005) . Drosophila also offers powerful tools for studying neural circuits (Kaun et al., 2012) ; however, the neurons mediating ethanol sedation in flies are largely unknown. NPF-expressing cells promote sedation sensitivity (Wen et al., 2005) , as do cells expressing the neural sex determination factor fruitless ( fru; Devineni and Heberlein, 2012) , whereas insulin signaling in cells within the pars intercerebralis (PI) promotes sedation resistance (Corl et al., 2005) . Additional studies have identified the neurons in which specific genes function to regulate ethanol sedation, but most of these studies did not determine whether the activity of these neurons acutely regulates ethanol sedation (Urizar et al., 2007; Corl et al., 2009; Eddison et al., 2011) .
In this study, we characterize the novel Drosophila gene tank, a tumor suppressor homolog that functions in the adult nervous system to promote sensitivity to ethanol sedation. We show that tank is expressed in a limited set of neurons and that manipulating the activity of these neurons affects ethanol sensitivity in a partially sex-specific manner. We localize the function of tank to neurons within the PI and show that the activity of these neurons in particular regulates ethanol sensitivity. Finally, we examine whether the sexually dimorphic effect of activating tank neurons is due to expression of fru, which mediates many sexual dimorphisms. We find that although tank-expressing cells do not express fru, they form likely synaptic connections with fru-expressing neurons, suggesting that sexual dimorphisms in downstream fru neurons may mediate the sex-specific effect of tank neuron activation.
Materials and Methods
Fly stocks and maintenance. Flies were generally reared at 25°C and 70% relative humidity on standard cornmeal/molasses food. Flies for TrpA1 and shi ts experiments were reared at 22°C and flies for Gal80 ts experiments were reared at 18°C and shifted to 29°C for 4 -5 d during adulthood. w Berlin was used as the control strain. All lines used for behavior were outcrossed into this background for at least five generations. All assays were performed on 3-to 5-d-old flies that were generally nonvirgin.
The tank 4 -12 P element mutant was generated in our laboratory, as were the seven Gal4 lines used to target the PI. The tank 4 -12 precise excision line was generated by remobilization of the P element using delta2-3 transposase (Robertson et al., 1988) and was verified by DNA sequencing. tank RNA interference (RNAi) lines were obtained from the Vienna Drosophila RNAi Center: GD7844 (tank RNAi ) and KK106205 (tank ). The UAS-GFP line used contains two insertions, a membrane-targeted UAS-CD8-GFP and a cytoplasmic-targeted UAS-T2-GFP. The C155 insertion of elav Gal4 was used. Additional lines used were as follows: dilp2
Gal4 (Rulifson et al., 2002) , SIFa Gal4 (Terhzaz et al., 2007) , DMS Gal4 and DSK Gal4 (Park et al., 2008) , OK107 and c747 (Connolly et al., 1996) , fru Gal4 (Manoli et al., 2005) , fru lex (Mellert et al., 2010) , and fru FLP and UASϾSTOPϾCD8-GFP . Behavioral assays. Ethanol sedation assays were performed in the "booz-o-mat," an eight-chambered apparatus that delivers a specified concentration of ethanol vapor (Wolf et al., 2002) . Sedation was assayed manually as described previously (Corl et al., 2009 ) using 67% ethanol vapor unless otherwise specified. Briefly, flies were tested at 5 min intervals by applying a mechanical stimulus (twirling each vial within the booz-o-mat chamber), causing flies to lose balance, and flies that were unable to right themselves were scored as sedated. The experimenter was blinded to the identity of each genotype. The time required for 50% of flies to sedate (ST 50 ) was determined for each vial by linear interpolation. Twenty flies per vial were assayed, and n refers to the number of vials tested. Assays were conducted at ϳ25°with the exception of the TrpA1 and shi ts experiments, which were conducted at the specified temperatures. The temperature used to activate TrpA1 varied between 27°C and 30°C depending on the Gal4 line, because we observed that TrpA1 activation using some Gal4 lines induced general behavioral defects when the temperature was raised too high.
Measurement of internal ethanol concentration. Internal ethanol concentration was assayed in fly extracts as described previously using the ethanol assay kit from Diagnostic Chemicals. Ethanol concentration within flies was calculated based on the water content of flies, which was measured previously to be 0.60 l for males and 0.93 l for females (Devineni and Heberlein, 2012) . Because sedated flies show an increased rate of ethanol absorption compared with nonsedated flies (U.H., unpublished data), ethanol concentration was measured in flies that were exposed to a nonsedating dose of ethanol, generally 10 -15 min at 47% ethanol (except for the experiments shown in Fig. 1 , in which sedation times were equalized between groups).
Immunohistochemistry. Immunohistochemistry was performed essentially as described previously (Joseph et al., 2009 ). Samples were dissected in PBS and fixed for 20 min in 4% paraformaldehyde in PBS. fru lex /4-12 Gal4 colocalization and GRASP experiments were performed in fixed, unstained brains. For characterization of Gal4 expression patterns, brains were stained with rabbit anti-green fluorescent protein (anti-GFP; 1:200) and mouse nc82 (1:50), followed by the secondary antibodies Cy3-coupled goat anti-mouse antibody (1:500) and FITCcoupled goat anti-rabbit antibody (1:500); ventral nerve cords (VNCs) were stained with chicken anti-GFP (1:1000) and mouse nc82 (1:30), followed by the secondary antibodies Alexa Fluor 488 goat anti-chicken antibody (1:200) and Alexa Fluor 633 goat anti-mouse antibody (1:200). Confocal images were analyzed using ImageJ.
Molecular biology. The genomic DNA flanking the 4-12 insertion was isolated using inverse PCR and sequenced. UAS-tank RA was generated by cloning EST RE16861, which encodes tank-RA, into the pUAST vector. The transgene was verified by DNA sequencing and injected into w Berlin flies.
qRT-PCR was performed as described previously (Tsai et al., 2004 ) except that we used the SYBR Green protocol (Applied Biosystems). RNA was extracted from fly heads and cDNA was prepared using reverse transcription reagents. tank primers were designed using Primer Express, targeted to exon junctions to avoid amplifying genomic DNA, and verified by BLAST to be specific to tank. tank transcript levels were normalized to levels of the control transcript rp49, and relative RNA abundance was calculated using the standard curve method. The tank primers used were as fol- . E, Control males tested at 73% ethanol sedated at the same rate as 4-12 males tested at 100% ethanol, with both groups showing an ST 50 of ϳ21 min (n ϭ 8). When assayed after 21 min of ethanol exposure under these conditions, 4-12 males contained more ethanol than control males (n ϭ 4). F, Control females tested at 60% ethanol sedated at the same rate as 4-12 females tested at 100% ethanol, with both groups showing an ST 50 of ϳ25 min (n ϭ 8). When assayed after 25 min of ethanol exposure under these conditions, 4-12 females contained more ethanol than control females (n ϭ 4). **p Ͻ 0.01, ***p Ͻ 0.001. For C, D, two-way ANOVA followed by Bonferroni's post tests were used; for E, F, unpaired t test was used.
lows: 5Ј-ATCAGCAAGCACTGGCACAG-3Ј and 5Ј-CGGGTGGACAGA CCTTAGTTCA-3Ј (tank-RA); 5Ј-CCCCCGATCAGGAACTAAGG-3Ј and 5Ј-TTCTTTATCGCCGCCATCTC-3Ј (tank-RB). Statistical analyses. Statistical analyses were performed using Prism Version 4 software (GraphPad). Experimental and control flies were always tested simultaneously; experiments in which each sedation "run" contained one sample of each genotype were considered to be paired/ matched experiments, whereas unpaired tests were used for all other experiments. All graphs represent mean Ϯ SEM.
For Gal4/UAS experiments, experimental flies were compared with both the Gal4/ϩ and UAS/ϩ controls. Only experimental lines that differed from both controls in the same direction were considered to have a phenotype. In the figures, significant differences that are biologically relevant are depicted in black, whereas all other comparisons (i.e., comparisons in which the experimental value lies between the two controls or is not significantly different from both controls) are depicted in gray.
Results

4-12 mutants show increased resistance to ethanol sedation
In Drosophila, high doses of ethanol induce sedation, which can be measured using a loss-of-righting assay (Rothenfluh et al., 2006) . The mutation 4-12 was isolated previously from a genetic screen for sensitivity to ethanol sedation (Corl et al., 2009; Devineni et al., 2011) . When exposed to a high concentration of 67% ethanol vapor, 4-12 mutant males and females showed very strong resistance to ethanol sedation compared with control males and females, respectively (Fig. 1A,B) . We also noted that control females were more sensitive to sedation than control males (Fig. 1A-C) , as described previously (Devineni and Heberlein, 2012) . Sensitivity to ethanol sedation can be quantified as the ST 50 , the time required for 50% of flies to sedate. We compared the ST 50 values of control and 4-12 males and females by two-way ANOVA, which revealed a significant effect of both genotype (F (1,36) ϭ 409.1, p Ͻ 0.001) and sex (F (1,36) ϭ 10.9, p ϭ 0.002), but no significant interaction (F (1,36) ϭ 0.2, p ϭ 0.642), indicating that the 4-12 mutation has a comparable effect in males and females (Fig. 1C) .
To determine whether the altered ethanol sensitivity in 4-12 mutants could be due to a difference in ethanol absorption or metabolism, we measured the internal ethanol concentration of 4-12 mutant and control flies. In both sexes, 4-12 mutants contained a lower ethanol concentration than controls (Fig. 1D) , which likely contributes to their sedation resistance. We also observed that control females contained a higher ethanol concentration than control males, as described previously (Devineni and Heberlein, 2012) . Again, two-way ANOVA revealed a significant effect of both genotype (F (1,12) ϭ 203.0, p Ͻ 0.001) and sex (F (1,12) ϭ 20.0, p Ͻ 0.001) on ethanol concentration, but no significant interaction (F (1,12) ϭ 3.0, p ϭ 0.110), indicating that the 4-12 mutation has a similar effect on internal ethanol levels in both sexes.
We next investigated whether factors other than decreased internal ethanol levels also contribute to the sedation resistance of 4-12 mutants. To do so, we conducted dose-response experiments to find a pair of ethanol doses at which 4-12 mutant and control flies sedated at the same rate, and we then measured their internal ethanol concentration. For both males and females, when the ST 50 values of 4-12 mutant and control flies were equalized by adjusting the relative ethanol doses (t test; p ϭ 0.564 for males, p ϭ 0.617 for females), 4-12 mutants always contained more ethanol than controls ( Fig. 1 E, F ; t test, p ϭ 0.004 for males, p Ͻ 0.001 for females). Because 4-12 mutants require a higher internal ethanol concentration to show the same sedation sensitivity as control flies, we conclude that the 4-12 mutation must induce adaptations promoting sedation resistance that are independent of its effect on ethanol levels. Therefore, the increased sedation resistance induced by the 4-12 mutation has both a pharmacokinetic component (resistance due to reduced ethanol absorption and/or enhanced ethanol metabolism) and a pharmacodynamic component (resistance independent of ethanol concentration resulting from alterations in the physiological effects of ethanol).
4-12 disrupts expression of the novel gene tank
The 4-12 mutant carries a P element insertion that we mapped to a novel gene, CG15626. We decided to name this gene tank because its mutation allows flies to imbibe high levels of ethanol before becoming sedated. The 4-12 mutant will henceforth be referred to as tank 4 -12 . tank encodes two transcripts, tank-RA and tank-RB, which are predicted to encode a single protein ( Fig.  2A) . The mammalian homolog of tank, EI24 (also known as PIG8), encodes a tumor suppressor that regulates apoptosis and has been linked to human cancer (Gu et al., 2000; Gentile et al., 2001; Zhao et al., 2005) . tank bears significant homology to human EI24 in the central region of the protein (43% identity and 65% similarity; Blast e value ϭ 2e-77). Like EI24, tank is a predicted six-transmembrane domain protein but contains no additional identifiable protein domains.
Precise excision of the P element present in tank 4 -12 flies restored normal ethanol sensitivity, confirming that the phenotype is due to the P element insertion ( Fig. 2B ; F (2,21) ϭ 22.6, p Ͻ 0.001 for effect of genotype, p Ͼ 0.05 comparing excision line to control). To verify that tank 4 -12 disrupts tank expression, we measured tank transcript levels in fly heads using qRT-PCR. tank 4 -12 males and females showed a strong reduction in levels of both tank transcripts compared with controls (t test, p Ͻ 0.001): tank-RA levels were nearly undetectable in the mutants, whereas tank-RB levels were reduced by ϳ75% (Fig.  2C ). These results indicate that tank 4 -12 is a loss-of-function mutation and suggest that tank normally acts in both sexes to promote sedation sensitivity. 
B, Precise excision of tank
4 -12 restored normal ethanol sensitivity in males (one-way ANOVA followed by Newman-Keuls post tests, n ϭ 8). C, Expression of both tank transcripts was reduced in the heads of tank 4 -12 male and females compared with their respective controls (unpaired t test, n ϭ 4 replicates). ***p Ͻ 0.001.
tank functions in adult 4-12
Gal4 -expressing cells to regulate ethanol sensitivity We next investigated whether tank function is necessary and sufficient to regulate ethanol sensitivity, focusing primarily on males for these experiments. First, we tested whether downregulation of tank promotes ethanol resistance, similar to the tank 4 -12 mutation. To downregulate tank, we used the Gal4/UAS system to express an RNAi transgene that targets both tank transcripts for degradation (tank RNAi ). Ubiquitous expression of tank RNAi (tub Gal4 /UAS-tank RNAi ) caused developmental lethality, so we restricted tank RNAi expression to adulthood by using Gal80 ts , a temperature-sensitive Gal4 repressor that inhibits Gal4 function at 18°but not at 29° (McGuire et al., 2003) . Adult-specific downregulation of tank in all cells (tub Gal4 ,Gal80 ts /UAS-tank RNAi ) decreased the expression of tank-RA and tank-RB by 56% and 31%, respectively, and increased ethanol resistance ( Fig. 3A; F (2,17) ϭ 7.4, p ϭ 0.005). This result confirms that tank is necessary to promote ethanol sensitivity, in accordance with the mutant data, and also indicates that tank is required during adulthood. Downregulation of tank exclusively in neurons (elav Gal4 /UAStank RNAi ) also increased sedation resistance, indicating that tank functions in neurons to promote ethanol sensitivity ( Fig. 3B ; F (2,33) ϭ 9.2, p Ͻ 0.001). Neuronal downregulation of tank did not significantly alter the internal ethanol concentration of flies, confirming that tank can regulate ethanol sensitivity independently of its effect on ethanol pharmacokinetics ( Fig.  3C ; F (2,9) ϭ 11.8, p ϭ 0.003 for effect of genotype, p Ͼ 0.05 comparing experimental and UAS-tank RNAi /ϩ flies). Because tank acts in neurons to regulate ethanol sensitivity, we analyzed the likely expression pattern of tank within the CNS. The P element inserted in tank 4 -12 flies is a P{GawB} enhancer trap, in which Gal4 is expressed in cells likely to express endogenous tank. We visualized this expression pattern using GFP under Gal4 control (UAS-GFP). We observed GFP expression in a limited number of cells in the nervous system of adult males. Strong expression was observed in neurons within the PI that project ventrally to the subesophageal ganglion (SOG) (Fig. 3D) . GFP expression was also observed in cell bodies in the SOG and lateral brain, very weakly in the mushroom body, and in scattered cells in the VNC (Fig. 3 D, 
E). Downregulation of tank in 4-12
Gal4 -expressing cells (4) (5) (6) (7) (8) (9) (10) (11) (12) Gal4 /UAS-tank RNAi ) increased ethanol resistance in males, confirming that tank is required in these cells to promote ethanol sensitivity ( Fig. 3F ; F (2,16) ϭ 14.1, p Ͻ 0.001). We verified this result using an additional tank RNAi line (tank ) targeted to a nonoverlapping region of the gene ( Fig. 2A ; data not shown; F (2,24) ϭ 6.5, p ϭ 0.006). The 4-12 Gal4 expression pattern in females was similar to that in males (Fig.  3G,H 
/ϩcontrolflies(nϭ4).D,E,G,H,Visualizationofthe4-12
Gal4 expression pattern in the adult male brain (D), male VNC (E), female brain (G), and female VNC (H) using UAS-GFP (green), along with nc82 counterstaining of neuropil (magenta). Flies were heterozygous for 4-12 
/Gal80
ts rescuefliesandUAS-tank RA /Gal80 ts controls.*pϽ0.05,**pϽ0.01, ***pϽ0.001, one-way ANOVA followed by Newman-Keuls post tests. Repeated-measures ANOVA was used in F and K.
trols). Overall, our results indicate that tank function in 4-12
Gal4 -expressing cells is both necessary and sufficient to regulate ethanol sensitivity, strongly suggesting that these cells express endogenous tank. Furthermore, tank function is required specifically during adulthood, implying that tank regulates some aspect of neuronal function rather than development.
tank-expressing neurons regulate ethanol sensitivity
Having shown that tank functions in the adult nervous system to promote ethanol sensitivity, and, based on its Gal4 marker, that it is expressed in a limited subset of neurons, we next investigated whether the activity of tank-expressing neurons acutely regulates ethanol sensitivity. To activate these neurons inducibly, we used the heat-activated cation channel TrpA1, which causes neuronal depolarization (Hamada et al., 2008) . To silence tank neurons acutely, we used shi ts , a temperature-sensitive dynamin allele that depletes synaptic vesicles (Kitamoto, 2001 ). In preliminary experiments, we found that most genotypes tended to sedate more quickly at the high temperatures required for TrpA1 and shi ts experiments (27°-30°), showing steep sedation curves that made it difficult to obtain reliable ST 50 values (data not shown). We therefore decreased the ethanol concentration from 67% to 60% for experiments conducted at Ͼ25°and statistically compared experimental and control flies tested within each condition, but not flies tested at different temperatures.
We first conducted activation and silencing experiments in males. We found that TrpA1 activation of 4-12
Gal4 neurons at 30°i ncreased ethanol sensitivity in males ( Fig. 4A; F (2,24) ϭ 20.8, p Ͻ 0.001 at 30°; F (2,14) ϭ 3.0, p ϭ 0.084 at 22°). Surprisingly, silencing 4-12 Gal4 neurons in males using shi ts at 30°had the same effect, causing increased sedation sensitivity ( Fig. 4B; F (2,21) ϭ 41.9, p Ͻ 0.001 at 30°; F (2,14) ϭ 1.1, p ϭ 0.363 at 22°). These results indicate that the activity of 4-12
Gal4 neurons acutely modulates ethanol sedation sensitivity, but does not do so in a straightforward manner. There are several possible explanations for these results (see Discussion), such as an inverted-U model in which a precise level of 4-12 Gal4 neuron activity is required for normal ethanol resistance.
We next investigated whether activation and silencing of tankexpressing neurons in females produced the same effects as in males. Interestingly, silencing 4-12
Gal4 neurons using shi ts increased sedation sensitivity in females, as in males, but TrpA1 activation of these neurons in females had no significant effect ( Fig. 4C,D Gal4 /ϩ flies; F (2,14) ϭ 11.2, p ϭ 0.001 for TrpA1 at 22°, p Ͼ 0.05 comparing experimental and UAS-TrpA1/ϩ flies). Overall, our silencing experiments suggest that endogenous activity of tank neurons is required for normal sedation sensitivity in both males and females. However, the effect of activating tank neurons appears to be male-specific, suggesting the presence of sexual dimorphism in either these neurons themselves or in the downstream circuit. Because we observed no obvious sex differences in the number or morphology of 4-12
Gal4 neurons (Fig. 3) , potential dimorphisms in these neurons likely arise from their functional properties or fine connectivity.
tank functions in PI neurons projecting to the SOG Our results indicate that tank function in 4-12
Gal4 -expressing neurons is necessary and sufficient to regulate ethanol sensitivity, and that the activity of these neurons acutely affects ethanol sedation. Although the 4-12
Gal4 expression pattern is fairly limited within the nervous system, we wished to define more precisely the neurons in which tank functions. Because 4-12 Gal4 expression appears most prominent in PI neurons projecting to the SOG, we asked whether tank is specifically required in these cells to promote ethanol sensitivity. We selectively downregulated tank in PI neurons of males by combining UAS-tank RNAi with several Gal4 lines that drive expression primarily in the PI (Fig. 5A-D) . Downregulation of tank using four of seven PI-expressing Gal4 lines increased ethanol resistance, strongly suggesting that tank functions within the PI to promote ethanol sensitivity ( Fig. 5E; F 
respectively). 4-12
Gal4 also showed weak expression in the mushroom body (visible in individual sections, though not obvious in the full brain stacks shown in Fig. 3D, G) . However, downregulation of tank using two different Gal4 lines expressed broadly in the mushroom body (OK107 and c747 ) did not affect ethanol sensitivity (data not shown). Because the Gal4 lines used to target the PI also showed some expression in the VNC (Fig. 5A-D) , we cannot entirely rule out the possibility that tank is required in VNC neurons. However, given that the four 
-12
Gal4 neurons (4-12 Gal4 /UAS-TrpA1) at 30°increased ethanol sensitivity in males (n ϭ 13); no effect was observed at 22°when TrpA1 was inactive (n ϭ 8). B, Silencing 4-12
Gal4 neurons (4-12
Gal4 /UAS-shi ts ) at 30°increased ethanol sensitivity in males, but no effect was observed at 22°when shi ts was inactive (n ϭ 8). C, Activation of 4-12 Gal4 neurons (4-12 Gal4 / UAS-Trp) at 30°did not affect ethanol sensitivity in females, nor was an effect observed at 22°; in each experiment, the ST 50 of experimental flies did not differ from that of both controls (n ϭ 8).
D, Silencing 4-12
Gal4 neurons (4-12 Gal4 /UAS-shi ts ) at 30°increased ethanol sensitivity in females (n ϭ 12). No effect was observed at 22°when shi ts was inactive; the ST 50 of experimental flies was between the values of the two controls (n ϭ 8). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA followed by Newman-Keuls post tests. Repeated-measures ANOVA was used for all analyses except for the 30°experiments in B and D. In all experiments, flies were heterozygous for 4-12 Gal4 . For experiments conducted at 30°, the ethanol concentration was decreased to 60% instead of 67% because flies sedated more quickly at higher temperatures. Note that the magnitude of the temperature effect on sedation varied from experiment to experiment due to unknown factors.
Gal4 lines that produced a phenotype with tank
RNAi showed varying expression patterns in the VNC (Fig. 5A-D) , some of which were fairly sparse (e.g., 12-234 Gal4 ), it seems unlikely that all four of these lines are coexpressed in a set of VNC cells that also express tank, and more likely that the sedation resistance results from loss of tank in the PI.
The fact that some PI-expressing Gal4 lines did not affect ethanol sensitivity when driving UAS-tank RNAi suggests that tank may function in a specific subset of neurons in the PI, a heterogenous region containing several classes of neuropeptidergic cells (Park et al., 2008) . In particular, insulin-producing cells in the PI have been previously implicated in regulating ethanol sensitivity (Corl et al., 2005) . However, RNAi downregulation of tank in insulin-producing cells using dilp2 Gal4 (Rulifson et al., 2002) did not affect ethanol sensitivity ( Fig. 5F; F (2,21) ϭ 5.0, p ϭ 0.017 for the effect of genotype, p Ͼ 0.05 comparing experimental and dilp2
Gal4 /ϩ flies). Similarly negative results were observed upon downregulation of tank in PI cells expressing any of three other classes of neuropeptides (SIFamide, dromyosuppressin, or drosulfakinin; data not shown). tank is therefore likely to function in a different subset of PI neurons that we did not test.
Having shown that the activity of tank-expressing neurons affects ethanol sensitivity (Fig. 4) and that tank functions in PI neurons to regulate this behavior (Fig. 5) , we next investigated whether specifically manipulating the activity of PI neurons alters ethanol sedation. We activated PI neurons by driving TrpA1 expression with two of the PI-expressing Gal4 lines Gal4 and 11-81 Gal4 ) that affected sedation when driving UAStank RNAi (Fig. 5E ) and therefore label PI neurons in which tank functions. Interestingly, activation of these PI neurons increased sedation sensitivity in males, but not females, mimicking 4-12
Gal4 neuron activation ( Fig. 6A-D (2, 14) ϭ 18.9, p Ͻ 0.001 for females at 22°). These results suggest that tank functions in a subset of PI neurons, and the activity of these neurons regulates ethanol sensitivity in a sexually dimorphic manner.
tank-and fru-expressing neurons form likely synaptic connections
Our results suggest that although the endogenous activity of tank-expressing neurons is required for normal ethanol sensitivity in both sexes, tank neurons also show a sex-specific function; their activation enhances ethanol sedation in males, but not females. This sex-specific effect is likely attributable to tank-expressing neurons in the PI, because activating PI neurons in which tank functions produces a similar male-specific effect on sedation. Most sexually dimorphic behavior in flies is mediated by the gene fru, which encodes male-specific protein due to sex-specific splicing (Ryner et al., 1996; Demir and Dickson, 2005; Vrontou et al., 2006) . fru has been recently implicated in the regulation of ethanol sedation sensitivity, and activation of fru-expressing neurons in males enhances ethanol sensitivity, similar to the effect of activating tank neurons (Devineni and Heberlein, 2012) . We therefore hypothesized that the malespecific effect of tank neuron activation could be due to sexual dimorphisms in these neurons generated by fru, especially given that fru is strongly expressed in the PI (Manoli et al., 2005) . To address this possibility, we tested whether fru is expressed in tankexpressing neurons. Although markers for both tank (4-12 Gal4 ) and fru ( fru lex ) were strongly expressed in the PI, we did not observe any cells coexpressing both markers (Fig. 7A-C) . Within the median bundle, which contains projections from the PI to the SOG, 4-12
Gal4 -positive and fru-positive projections segregated to medial versus lateral fibers, respectively.
We corroborated this lack of coexpression using an intersectional FLP-out method. We generated males carrying 4-12 Gal4 , fru FLP , and UASϾSTOPϾGFP transgenes. In these flies, GFP is expressed only in cells expressing both fru and 4-12
Gal4 : an FRTflanked transcriptional stop cassette is excised by FLP recombinase (Golic and Lindquist, 1989) only in fru-expressing cells, producing UAS-GFP, which can only be expressed in 4-12
Gal4 -expressing cells. We observed no GFP expression in these flies, although GFP was observed in positive control flies expressing RNAi expression in the PI were visualized in the adult male brain (left) and VNC (right) with UAS-GFP (green), along with nc82 counterstaining (magenta). E, Using the Gal4 lines shown in A-D, downregulation of tank in the PI increased ethanol resistance in males (n ϭ 8 -12). F, Downregulation of tank in insulin-producing cells using dilp2 Gal4 had no significant effect on ethanol sedation in males; ST 50 of experimental flies did not differ significantly from that of the dilp Gal4 /ϩ control (n ϭ 8). *p Ͻ 0.05, ***p Ͻ 0.001, one-way ANOVA followed by Newman-Keuls post tests.
the pan-neuronal marker elav Gal4 in place of 4-12 Gal4 (data not shown). These results confirm that the male-specific phenotype caused by activating 4-12
Gal4 neurons is not due to expression of fru in these cells.
Although fru was not expressed in tank-expressing cells, we noticed that the projections of tank and fru neurons appeared highly intermingled in the SOG, suggesting that they might form synaptic connections (Fig. 7 D, E) . To test this possibility more directly, we used GRASP (GFP Reconstitution Across Synaptic Partners; Feinberg et al., 2008; Gordon and Scott, 2009 ). This method relies on expression of two halves of GFP on the membrane of distinct sets of neurons such that full-length GFP is reconstituted at sites of cell contact, including synapses. GRASP between 4-12 Gal4 -and fru lex -expressing neurons revealed a large number of GFP puncta almost exclusively localized to the SOG (Fig. 7 F, G) . These puncta were not present in control flies expressing either of the individual halves of GFP (Fig. 7 H, I ). Although we cannot rule out the possibility that the GFP signal represents nonsynaptic cell contact, our results suggest that subsets of tank-and fru-expressing neurons likely form synaptic connections in the SOG. Because most of the projections of 4-12 Gal4 neurons within the SOG appear to arise from the PI (Fig. 4) , it seems likely that tank-expressing PI neurons, which regulate ethanol sensitivity (Fig. 5, Fig. 6 ), represent the cells that interact anatomically with fru neurons. Overall, these results raise the possibility that the male-specific effect of tank neuron activation may result from sexual dimorphisms in fru neurons acting postsynaptically, since many fru neurons show sex differences in their number and morphology (Cachero et al., 2010; Yu et al., 2010) .
Discussion
In this study, we characterize the novel gene tank, a tumor suppressor homolog that promotes ethanol sensitivity in Drosophila. We identify a loss-of-function mutation of tank, 4-12, that causes strong resistance to ethanol sedation, a phenotype attributable to both pharmacokinetic and pharmacodynamic processes. We show that tank acts within the adult nervous system to promote ethanol sensitivity. Neuronal downregulation of tank increases sedation resistance without altering internal ethanol levels, suggesting that the pharmacokinetic effect of tank arises outside of the nervous system. Within the CNS, tank is expressed in a limited set of neurons, and we localize its function in regulating ethanol sedation to cells within the PI. Inducible manipulations of neuronal activity revealed that these neurons acutely regulate ethanol sensitivity, and do so in a sexually dimorphic manner: activation of all tank neurons, or of PI neurons in particular, increases sedation sensitivity in males, but not females. We suggest that the male-specific effect of tank neuron activation may be due to sexual dimorphisms in downstream fru neurons, since tank and fru neurons form likely synaptic connections, and fru neurons also regulate ethanol sensitivity (Devineni and Heberlein, 2012) . In summary, we have characterized a novel gene that regulates ethanol sensitivity, identified a role for tank-expressing neurons in modulating ethanol sedation, and localized both of these effects to a subset of PI neurons not implicated previously in ethanol behaviors.
Our data suggest that tank neurons regulate ethanol sedation in a complex, nonlinear manner; either activation or silencing of
4-12
Gal4 neurons enhanced ethanol sensitivity in males. Several possible explanations could account for these counterintuitive results. For example, a certain level of neuronal activity or a specific temporal pattern of activity could be required for normal sedation resistance. In both cases, either silencing neurotransmission or artificially driving activity could disrupt neuronal function and result in increased ethanol sensitivity. Alternatively, feedback within a neural circuit might oppose the effect of transgenic manipulations of neural activity, causing opposite manipulations to in fact have the same effect on some part of the circuit. Finally, it is possible that some 4-12
Gal4 neurons promote sedation sensitivity whereas others promote sedation resistance, so manipulating all of these neurons simultaneously might cause a nonlinear effect depending on the relationships between these neurons.
Interestingly, the increased ethanol sensitivity induced by activating tank neurons was male-specific. This result is surprising, given that the effect of silencing tank neurons was not sexspecific, nor is the function of tank itself. These data suggest a model in which the normal function of tank and the endogenous activity of tank neurons (or a subset thereof) are necessary for normal ethanol sensitivity in both sexes; however, driving high levels of activity in these neurons reveals a male-specific sedation phenotype due to sex differences either within or downstream of tank neurons. Because we observed no obvious sex differences in the number or morphology of 4-12
Gal4 -expressing neurons, the male-specific phenotype could result from sex differences in the physiological properties of tank neurons or from anatomical Gal4 increased ethanol sensitivity in males (n ϭ 4 -6). C, D, TrpA1 expression in PI neurons of females using either 9-30 Gal4 or 11-81 Gal4 did not affect ethanol sensitivity at 22°(C) or 27°D); ST 50 values of experimental flies were between those of the two controls (n ϭ 8). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA followed by Newman-Keuls post tests. Repeatedmeasures ANOVA was used in A and C. For experiments conducted at 27°, the ethanol concentration was decreased to 60% instead of 67%, as explained in the text.
or functional dimorphisms in the downstream neural circuit. fru, a key regulator of sexually dimorphic neuronal differentiation that has also been implicated in regulating ethanol sensitivity (Devineni and Heberlein, 2012) , is a good candidate for mediating these dimorphisms. We showed that although tank neurons do not express fru, they form likely synaptic connections with fru-expressing neurons. Therefore, one plausible model is that the male-specific effect of tank neuron activation arises from sex differences in downstream fru neurons, because many fru neurons are sexually dimorphic (Cachero et al., 2010; Yu et al., 2010) and activating fru neurons in males enhances ethanol sensitivity (Devineni and Heberlein, 2012) . Future studies will be needed to identify the specific tank and fru neurons showing an anatomical interaction and to confirm whether they show a functional interaction in regulating ethanol sensitivity.
We have localized tank function to a subset of neurons in the PI, the activity of which modulates ethanol sensitivity in males. The PI is a major locus of peptidergic neurons (Park et al., 2008) . Neuropeptides modulate neuronal activity or other cellular properties and have been linked to many types of behavior, including ethanol responses (Corl et al., 2005; Wen et al., 2005; Nässel and Winther, 2010) . We observed that downregulating tank in four different classes of peptidergic cells within the PI, including insulin-producing cells that were implicated previously in ethanol sensitivity (Corl et al., 2005) , did not affect ethanol sedation. Although one possibility is that the strength of the downregulation was not sufficient to produce a phenotype, it is likely that tank functions in an unidentified class of PI neurons that has not been implicated previously in regulating ethanol sensitivity. It will be interesting to characterize the identity of these neurons and to determine whether they are defined by expression of a particular neuropeptide or by a different molecular or cellular feature.
The mammalian homolog of tank, EI24, encodes a transcriptional target of p53 that induces apoptosis in response to DNA damage (Gu et al., 2000; Mork et al., 2007) . EI24 is a clinically important tumor suppressor; its inactivation has been associated with breast and cervical cancers (Gentile et al., 2001; Zhao et al., 2005; Mazumder Indra et al., 2011) . It is interesting that several cancer-related genes have been identified in Drosophila as regulators of ethanol sensitivity. For example, the oncogenes EGFR and Anaplastic lymphoma kinase (Alk) regulate ethanol sensitivity in both flies and mammals (Morris et al., 1994; Pedersen et al., 2001; Corl et al., 2009; Lasek et al., 2011) . In addition, the oncogenic PI3K/Akt pathway promotes ethanol sensitivity in flies, whereas PTEN, a tumor suppressor and negative regulator of the pathway, promotes ethanol resistance (Fresno Vara et al., 2004; Eddison et al., 2011) . The implication that overlapping molecular pathways regulate oncogenesis and acute ethanol sensitivity, two processes that occur on very different timescales, is somewhat surprising. It will be interesting to determine whether these pathways regulate both processes through the same cellular mechanisms. For example, the EGFR and PI3K/Akt pathways regulate cytoskeletal dynamics, which play an important role in both ethanol sensitivity and oncogenesis (Rodriguez-Viciana et al., 1997; Wells et al., 1998; Hall, 2009; Rodan and Rothenfluh, 2010) .
Future studies will be needed to determine whether, like EI24, tank regulates apoptosis and functions downstream of p53. Although we did not directly investigate the role of tank in apoptosis, we observed that tank 4 -12 mutants are resistant to antennal blackening induced by ethanol toxicity, a process that involves apoptosis of olfactory neurons (French and Heberlein, 2009) , and this resistance was not dependent on altered ethanol pharmacokinetics (data not shown). These results suggest that tank is required for ethanol-induced apoptosis and may have a more general apoptotic function as well. In addition to its role in apoptosis, EI24 also regulates au- tophagy, a catabolic process involving lysosomal degradation of the cytosol (Tian et al., 2010; Zhao et al., 2012) , representing another potential function for tank. In considering possible cellular functions of tank, it is important to note our data showing that adult tank function is necessary and sufficient to regulate ethanol sensitivity, indicating that although tank may participate in developmental processes, its regulation of ethanol sensitivity derives from an adult-specific effect on neuronal function. Given that the activity of tank neurons regulates ethanol sedation, another possible cellular function of tank is the regulation of neuronal activity (either direct or indirect). Physiological recordings from control and tank mutant flies could help to address this possibility. In addition to determining whether tank shares the molecular and cellular functions related to EI24, it will be important to ascertain whether EI24 shares the behavioral function of tank in regulating ethanol sensitivity. This task may be facilitated by the recent development of a mouse line bearing a conditional deletion of EI24, which could be tested for ethanol-related behaviors (Zhao et al., 2012) . Constitutive deletion of EI24 in the nervous system causes developmental abnormalities and motor deficits (Zhao et al., 2012) , suggesting that an adult-specific nervous system deletion of EI24 may be required to test its role in regulating ethanol responses. Because sensitivity to the sedative effects of ethanol is inversely correlated with susceptibility to AUDs (Schuckit, 1994) , a role for EI24 in regulating acute ethanol sensitivity could have clinical relevance for predicting or even treating these disorders.
